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Abstract 
The Chemical-Looping with Oxygen Uncoupling (CLOU) process is a Chemical-
Looping Combustion (CLC) technology that allows the combustion of solid fuels with 
inherent CO2 separation using oxygen carriers. This technology has low energy penalty 
for CO2 separation and thus low CO2 capture costs. The CLOU process is a new option, 
when the direct use of a solid fuel in a CLC technology is considered. The CLOU 
process uses oxygen carriers based on some metal oxides that have the capability to 
evolve gaseous oxygen at high temperatures. The oxygen generated by the metal oxide 
reacts directly with the solid fuel, which is mixed with the oxygen carrier in the fuel 
reactor. The selection of a suitable oxygen carrier is a key factor for the CLOU 
technology development. The aim of this work was to produce and characterize oxygen 
carrier materials based on CuO with high oxygen transfer capability, high oxygen 
generation rates and good fluidization properties. Several oxygen carriers were prepared 
with different CuO contents, inert supports and preparation methods (incipient wet 
impregnation, mechanical mixing following by pelletizing by extrusion, or pelletizing 
by pressure). The reaction rates for oxygen generation (reduction) and regeneration 
were determined carrying out successive cycles in a TGA system. In this way, it was 
determined the chemical suitability of the materials. Selected oxygen carriers were 
tested by redox cycles in a batch fluidized-bed reactor working at different temperatures 
and reacting atmospheres. The fluidization behaviour against agglomeration and 
attrition during a high number of cycles was determined. Oxygen carriers with 60 wt% 
of CuO on MgAl2O4 and with 40 wt% CuO on ZrO2 prepared by mechanical mixing 
following by pelletizing by pressure were identified as suitable materials for CLOU 
process. 
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1. Introduction 
 
In order to stabilize the CO2 concentration in the atmosphere between 450 and 750 ppm 
CO2 several measures must be taken. Among them Carbon Capture and Storage (CCS) 
would contribute with 15–55% to the cumulative mitigation effort worldwide until 2100 
[1]. CCS is a process involving the separation of CO2 emitted by industry and energy-
related sources, and the storage for its isolation from the atmosphere over a long term. 
Chemical-Looping Combustion process (CLC) has been suggested among the best 
alternatives to reduce the economic cost of CO2 capture using flue gas [2] and to 
increase the efficiency with respect to other CO2 capture process [3]. In this process, 
CO2 is inherently separated from other combustion products, N2 and unused O2, through 
the use of a solid oxygen carrier and thus no energy is expended for the separation. The 
CLC process has been demonstrated for combustion of gaseous fuel such as natural gas 
and syngas in 10-140 kWth units using oxygen carrier materials based on Ni [4,5], Cu 
[6], Fe [7,8]. All these oxygen carriers have been reviewed in Adánez et al. [9]. 
However, solid fuels are considerably more abundant and less expensive than natural 
gas, and it would be highly advantageous if the CLC process could be adapted for these 
types of fuels. One option to use solid fuels in a CLC process is to use syngas from a 
previous gasifying stage in the fuel reactor. In this technology, it is necessary to use 
pure oxygen for the gasification of the solid fuel. This stage has a significant energy 
penalty due to the oxygen separation from the air. A second option of development is 
the Chemical-looping Coal Combustion, where the solid fuel is directly introduced to 
the fuel reactor. The solid–solid reaction between the char and the metal oxide is not 
very likely to occur at an appreciable rate in a fluidized bed [10] and the in-situ 
gasification of solid fuel followed by combustion of products (IG-CLC), has been 
proposed as a solution, where the conversion of solid fuel goes via a gasifying agent, e. 
g. H2O. Because of the slow gasification reaction rate, a carbon stripper is necessary to 
separate the unreacted char particles from the oxygen carrier, before it is regenerated 
with air, to avoid CO2 emission in this reactor [11,12]. To increase the gasification rate, 
temperature higher than 1000 ºC has been proposed in the fuel reactor [13]. As partial 
loss of oxygen carrier in the purge stream of ash particle is likely to occur, low cost 
materials are preferred in this CLC option, e. g. ilmenite, hematite or anhichite [14-17]. 
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In order to overcome the low reactivity of the char gasification stage in the direct solid 
fueled chemical-looping combustion, an alternative process was recently proposed 
[18,19]. The Chemical-Looping with Oxygen Uncoupling (CLOU) process is based on 
the strategy of using oxygen carriers which release gaseosus oxygen in the fuel reactor 
thereby allowing the solid fuel to burn with gas phase oxygen. In this way, the slow 
gasification step on the direct solid fuel chemical-looping combustion is avoided, giving 
a much faster solid conversion [19, 20]. In the CLOU process, the fluidization gas can 
be recycled CO2, reducing in this way the steam duty of the plant and associated energy 
penalties. 
 
Fig. 1 shows a schematic diagram of a CLOU system. In the fuel reactor CO2 and steam 
are produced by different reactions. First the oxygen carrier releases oxygen according 
to: 
1 22 2x y x yMe O Me O O-« +  (1)
and the solid fuel begins devolatilization producing a solid residue (char) and volatile 
matter as a gas product : 
Coal → Volatile matter + char (2)
Then, char and volatiles are burnt as in usual combustion according to reactions (3) and 
(4): 
22 COOChar   (3)
Volatile Matter OHCOO 222   (4)
 
After steam condensation, a pure CO2 stream can be obtained. The reduced oxygen 
carrier is transported to the air reactor, where the oxygen carrier is regenerated to the 
initial oxidation stage with the oxygen of the air, and thus becomes ready for a new 
cycle. The exit stream of the air reactor contains only N2 and unreacted O2. Therefore 
CLOU process has a low energy penalty for CO2 separation and low CO2 capture costs 
are expected. The heat release over the fuel and air reactors is the same as for 
conventional combustion. 
 
The possible metal oxides that have the property of release oxygen are limited; 
moreover, this O2 release must be reversible in order to oxidize the oxygen carrier in the 
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air reactor. Thus a special requirement is needed for the oxygen carrier to be used in the 
CLOU process in comparison to oxygen carriers for normal CLC, where the fuel must 
be able to react directly with the oxygen carrier without any release of gas phase 
oxygen. Only those metal oxides that have a suitable equilibrium partial pressure of 
oxygen at temperatures of interest for combustion (800-1200 ºC) can be used as CLOU 
oxygen carriers. Three such metal oxide systems have been identified: CuO/Cu2O, 
Mn2O3/Mn3O4, and Co3O4/CoO [19]. These systems can release oxygen in the gas 
phase through the following reversible reactions: 
)(24 22 gOOCuCuO   850 2263.2 /H kJ mol OD =  (5)
)(46 24332 gOOMnOMn   850 2193.9 /H kJ mol OD =  (6)
)(62 243 gOCoOOCo   850 2408.2 /H kJ mol OD =  (7)
Although the transport capacity of the cobalt oxide is high (6.6 g O2/100 g Co3O4), the 
great endothermicity of the reaction (7) makes this metal oxide hardly attractive for the 
CLOU process. The most promising metal oxide systems for the CLOU process have 
found to be CuO/Cu2O and Mn2O3/Mn3O4 [19].  
 
Table 1 shows the different oxygen carriers developed for the CLOU process found in 
the literature. Mn-based oxygen carrier particles have been prepared by mixing Mn2O3 
with different materials, as Fe2O3, NiO and SiO2. Shulman et al. [21] found some 
Mn/Fe oxygen carriers with very high reactivity towards methane, a quality that authors 
employ to open the possibility to combine benefits of CLOU and CLC processes with 
gaseous fuel. Another Mn-based oxygen carrier with a spinel perovskite-like structure is 
CaMn0.875Ti0.125O3 [24,25]. In this case, the oxygen transport capacity is improved due 
to the inclusion of Ca and Ti in the metal structure allowing Mn2O3 reduction to MnO. 
Uncoupling properties of this oxygen carrier were tested in continuos experiments [25] 
showing the oxygen release at temperatures higher than 720 ºC with an oxygen 
concentration around 4 % at the fuel reactor outlet at 950 ºC. This oxygen carrier was 
also tested in a continuously operated CLC system for natural gas which includes both 
CLOU and standard CLC by Mn oxides during 70 h. During these experiments oxygen 
carrier presented a combustion efficiency about 99.8% for natural gas at 950 ºC using 
bed inventories of 1900 kg/MWth of which about 30% was located in the fuel reactor. 
[25]. 
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Copper has the highest oxygen transport capacity (10 g O2/100 g CuO compared to 3 g 
O2/100 g Mn2O3) and the reaction with C is exothermic in the fuel reactor, as shown in 
reaction (8). Fig. 2 shows the partial pressure of oxygen as a function of temperature for 
the CuO/Cu2O and the CuAl2O4/CuAlO2 systems, calculated using HSC software [27] 
and data from reference [28], respectively. CuAl2O4 was also included because this 
compound can be formed when Al2O3 is used as supporting material. The oxygen 
concentration at equilibrium conditions greatly depends on the temperature. An 
equilibrium concentration of 1.5 vol% O2 can be reached in the fuel reactor at 900 ºC 
for CuO/Cu2O system, whereas the equilibrium concentration increases up to 12.4 vol% 
at 1000 ºC. Moreover, it is desirable to have a low concentration of oxygen from the 
fuel reactor in order to obtain a high purity CO2 stream. In the air reactor, the metal 
oxide is stable below 950 ºC if the maximum oxygen concentration from the air reactor 
is 4.5 vol%. 
 
2224 COOCuCCuO   850 2133.8 /H kJ mol OD = -  (8)
 
Mattisson et al. [19, 26] developed oxygen carriers with 60 and 40 wt% of CuO. Cyclic 
testing with solid fuels verified that oxygen was released close to the equilibrium 
pressure in the temperature range of 880-985ºC, and the material could also be 
regenerated close to equilibrium. When solid fuel particles were added to a bed of 
oxygen carrier particles, a very rapid release of oxygen and combustion of fuel started. 
Thus, the conversion rate of the fuel could be increased by almost two orders of 
magnitude, compared to coal gasification in a chemical-looping combustion system 
with steam [26].  
 
Our research group at the Instituto of Carboquímica (CSIC) has undertaken several 
studies using oxygen carriers based on copper. These Cu-based oxygen carriers were, so 
far, developed for gaseous fueled CLC. In those studies, the oxidized form was CuO, 
whereas the reduced form was metallic Cu. In previous works, potential Cu-based 
oxygen carriers were prepared using different supports [29]. The effect of oxygen 
carrier composition and preparation method on the reactivity and durability of the 
material was also investigated in a TGA [30]. It was found that the optimum preparation 
method for Cu-based oxygen carriers was impregnation on a support. Later, the 
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preparation conditions and oxygen carrier characteristics were optimized to avoid the 
agglomeration of the Cu-based materials during their operation in a fluidized bed [31]. 
Based on these findings, an oxygen carrier was selected to test its behaviour in a 10 
kWth CLC prototype using methane as fuel. The results obtained during 200 hours of 
continuous operation were very successful [6]. Additional work has been recently 
carried out to test the behaviour of this oxygen carrier in a CLC continuous unit of 500 
Wth using syngas as fuel [32] or methane containing variable amounts of light 
hydrocarbons (LHC) or H2S [33,34]. From these works, it was concluded that a Cu-
based material containing 15 wt% CuO impregnated on Al2O3 was a promising material 
to be used as oxygen carrier in CLC. Nevertheless, oxygen carriers developed for CLC 
process should be tested for the specific characteristics required for CLOU process. In 
this sense, a preliminary development of suitable materials was carried out by Adanez-
Rubio et al. [35] for the CLOU process. 
 
In this work, a full screening of several Cu-based oxygen carriers prepared by different 
methods on several supports for the CLOU process was carried out. The rate of oxygen 
release during oxygen carrier reduction and the rate of oxidation were analyzed by 
TGA. The fluidization properties of the materials such as attrition and agglomeration 
were evaluated in a batch fluidized-bed reactor. Different operating conditions, such as 
temperature and oxygen concentration were tested and analyzed. Moreover, physical 
and chemical characteristics of particles were also analyzed after consecutive redox 
cycles. 
 
2. Experimental 
 
2.1 Preparation of materials 
Oxygen carriers were composed of copper oxide as oxygen source for the combustion 
process, and an inert binder for increasing the mechanical strength and improving the 
fluidization properties. Several oxygen carriers were prepared with different CuO 
contents and using different supports: γ-Al2O3, α-Al2O3, MgAl2O4, sepiolite, SiO2, 
TiO2, ZrO2 and MgO. In addition different preparation methods were used. 
 
Incipient wet impregnation. Commercial -Al2O3 (Puralox NWa-155, Sasol Germany 
GmbH), -Al2O3 obtained by calcination of the -Al2O3 at 1150 ºC during 2 h, and 
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gAl2O4 (obtained by impregnation of -Al2O3 with magnesium nitrate and calcinated 
at 800 ºC) were used as support to prepare oxygen carriers by incipient wet 
impregnation.-Al2O3, -Al2O3 and gAl2O4 particles had densities of 1300, 2000 and 
1800 kg/m3 and porosities of 55.4 %, 47.3 % and 50.0 %, respectively. The particle size 
used was +0.1-0.3 mm. Cu-based oxygen carriers were prepared by addition of a 
volume of an aqueous solution of copper nitrate corresponding to the total pore volume 
of the support particles. The aqueous solution was slowly added to the support particles, 
with thorough stirring at room temperature. The desired active phase loading was 
achieved by applying successive impregnations followed by calcinations at 550 ºC, in 
air atmosphere for 30 min, to decompose the impregnated metal nitrates into insoluble 
metal oxide. Finally, the oxygen carriers were sintered for 1 h at 850 ºC. Oxygen 
carriers with different copper contents were prepared ranging from 15 wt% (1 
impregnation step) to 33 wt% (3 impregnation steps). 
 
Mechanical mixing followed by pelletizing by extrusion. The oxygen carriers were 
prepared from commercial pure copper oxide as powder of particle size < 10 m 
(Panreac, PRS). Al2O3 (Sigma Aldrich, purum), sepiolite (Mg4Si6O15(OH)2·6H2O, 
Panreac, QP), SiO2 (Sigma Aldrich, purum), TiO2 (Sigma Aldrich, purum) or ZrO2 
(Sigma Aldrich, purum) were used as inert materials. Graphite (Sigma Aldrich, purum, 
dp: 1-2 µm) as a high-temperature pore forming additive was also added during 
preparation. A powder mixture including the active metal oxide and the inert in the 
desired concentration, and 10 wt% of graphite, was converted by water addition into a 
paste of suitable viscosity to be extruded in a syringe, obtaining cylindrical extrudates 
of about 2 mm diameter. These extrudates were gently dried at 80 ºC overnight, cut at 
the desired length, and sintered at 950 or 1100 ºC for 6 h in a muffle furnace. The 
extrudates were ground and sieved to obtain the desired particle size of 0.1-0.3 mm. 
 
Mechanical mixing followed by pelletizing by pressure. The oxygen carriers were 
prepared from commercial pure copper oxide as powder of particle size < 10 m 
(Panreac, PRS). MgAl2O4 (Baikowski, S30CR), sepiolite (Panreac, QP), MgO (Panreac, 
PRS) or ZrO2 (Sigma Aldrich, purum) were used as support. A powder mixture 
including the active metal oxide and the inert in the desired concentration, and 10 wt% 
of graphite (Sigma Aldrich, purum, dp: 1-2 µm), was ball-milled for 2 h and pelletized 
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by pressure in a hydraulic press at 160 bar obtaining cylindrical pellets of about 1 mm 
in diameter. These pellets were calcined at different temperatures (950, 1100 or 1300 
ºC) to increase the mechanical strength during 6 h. After that, pellets were crushed and 
sieved to obtain the desired particle diameter (+0.1-0.3 mm). In some cases, the graphite 
content was reduced to 0.5 wt% and the calcination time was extended to 12 h. 
 
Table 2 shows all the oxygen carriers prepared with their main properties, as the density 
and the mechanical strength of particles. RO is the oxygen carrier capacity of the oxygen 
carrier particles and was calculated as: 
ox red
O
ox
m mR
m
-=          (9) 
mox being the mass of full oxidized oxygen carrier material, whereas mred is the mass at 
the reduction state, i. e. when all the CuO was reduced to Cu2O. The oxygen generation 
rate, define in Eq. (12) was also shown in Table 2. 
 
2.2 Experimental set-up 
 
2.2.1 Thermogravimetric Analyzer 
 
Multicycle tests to analyze the reactivity of the oxygen carriers during successive 
reduction-oxidation cycles were carried out in a TGA CI Electronics type described 
elsewhere [29]. The desired mass of oxygen carrier (about 50 mg) was loaded in a 
platinum wired mesh basket (14 mm diameter and 8 mm height) to reduce mass transfer 
resistance around the solid sample. The sample was heated to the set operating 
temperature in air atmosphere. After stabilization, the experiment started by exposing 
the oxygen carrier to alternating inert and oxidizing conditions. The inert gas was 
nitrogen and the gas used for oxidation was air, both flow rates being 25 nL/h. The 
experiments were usually carried out at 1000 ºC for the reduction and oxidation 
reaction. However, in some cases other oxygen concentrations (4 or 11 vol%) and 
oxidation temperatures (900 or 950 ºC) were used to analyze the oxidation reaction in 
more detail. These temperatures were selected as a function of the thermodynamic 
equilibrium of the CuO/Cu2O system, as shown in Fig. 2. 
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Initially, to establish whether thermodynamic limitations, external film mass transfer 
and/or inter-particle diffusion were affecting the reaction rate, the sample weight and 
the gas flow rate were varied in the range of 40 to 100 mg and from 10–40 nL/h, 
respectively (see Fig. 3 and 4). Fig. 3 shows the conversion-time curves obtained during 
the reduction and oxidation with different mass loaded in TGA for Cu60MgAl_P1100b 
with mass from 40 to 100 mg in the third redox cycle. It can be seen that with a mass 
lower than 70 mg, gas diffusion inside the particles did not control the global reaction 
rate. The reduction and oxidation reactivities with different nitrogen flows are depicted 
in Fig. 4. The reaction rates with gas flows higher than 17 nL/h were similar. As a 
consequence, it is considered that the reaction rate was not controlled by interparticle 
diffusion or diffusion through the gas film around the particle when N2 flow was higher 
than 20 nL/h.  
 
2.2.2. Fluidized Bed Facility 
 
Reduction-oxidation multi-cycles were carried out in a fluidized-bed reactor to 
understand the oxygen release behaviour of the oxygen carrier under operating 
conditions similar to that existing in the CLOU process. The fluidization behaviour of 
the materials with respect to agglomeration phenomena and attrition rate could also be 
observed. 
 
Fig. 5 shows the experimental set-up used for testing the oxygen carriers. It consisted of 
a system for gas feeding, a fluidized-bed reactor, a parallel filter system to recover the 
solids elutriated from the fluidized-bed reactor, and a gas analysis system. The gas 
feeding system had different mass flow controllers for the different gases. The 
composition of the gas during reduction was 100 vol% N2 or CO2, and during oxidation 
different oxygen concentrations were used ranging from 5 to 21 vol% O2 in N2. The 
fluidized-bed reactor reactor has 54 mm inner diameter and 500 mm height, with a 
preheating zone just under the distributor plate. The entire system was inside an 
electrically heated furnace. The fluidized-bed reactor was fed with a batch of 0.2-0.4 kg 
(depend of the oxygen carrier density) of oxygen carrier to ensure a bed height of at 
least 55 mm (with this bed height ensure that the thermopar is in the middle of the bed). 
The tests were carried out at 900, 950 and 1000 ºC with an inlet superficial gas velocity 
of 0.15 m/s (the minimum fluidization velocity of the different materials varied from 
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0.02 to 0.04 m/s). The reactor had two connected pressure taps in order to measure the 
differential pressure drop in the bed. Agglomeration problems, causing defluidization of 
the bed, could be detected by a sharp decrease in the bed pressure drop during 
operation. Two hot filters located downstream from the fluidized-bed reactor recovered 
the solids elutriated from the bed during the successive reduction-oxidation cycles. An 
on line paramagnetic gas analyzer measured the O2 concentration during the test. The 
reduction periods varied from 300 to 1800 seconds, depending on the material and 
operation conditions. The oxidation periods necessary for complete oxygen carrier 
regeneration varied between 120 and 1800 seconds. Those suitable materials were 
exposed to more than 40 redox cycles corresponding to more than 40 h of operation. 
 
2.3. Characterization techniques 
Some samples, both fresh and used, were physically and chemically characterized by 
different techniques. The mechanical strength, determined using a Shimpo FGN-5X 
crushing strength apparatus, was taken as the average value of 20 measurements of the 
force needed to fracture a particle. The surface area of the oxygen carrier particles was 
determined by the Brunauer-Emmett-Teller (BET) method in a Micromeritics ASAP-
2020, whereas the pore volume was measured by Hg intrusion in a Quantachrome 
PoreMaster 33. The identification of crystalline chemical species was carried out using 
a powder X-ray diffractometer Bruker AXS graphite monochromator. The oxygen 
carrier particles were also analyzed in a scanning electron microscope (SEM) ISI DS-
130 coupled to an ultra thin window PGT Prism detector for energy-dispersive X-ray 
(EDX) analysis. 
 
3. Results and discussion 
 
3.1 Oxygen carrier reactivity in TGA 
TGA experiments allowed analysis of the reactivity of the oxygen carriers under well-
defined conditions, and in the absence of complex fluidizing factors such as those 
derived from particle attrition and interphase mass transfer processes. For screening 
purposes, at least five cycles of reduction and oxidation were carried out with each 
carrier. Usually the reactivity changed during the initial redox cycle and then stabilized 
during subsequent cycles. Reactivity data were obtained in TGA tests from the weight 
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variations during the reduction and oxidation cycles as a function of time. The oxygen 
carrier conversion was calculated as: 
For reduction:       oxred
ox red
m mX
m m
-=
-
      (10) 
For oxidation:     1 oxox
ox red
m mX
m m
-= -
-
      (11) 
m being the mass of sample at each time, mox is the mass of the sample fully oxidized 
and mred is the mass of the sample in the reduced form. Oxygen generation rates 
2O
r were 
calculed with eq. (12) and are shown un table 2 
2
· redO O
dXr R
dt
=          (12) 
RO being the oxygen transport capacity for the oxygen carrier particles (Eq. 9). 
 
The oxygen release rate of impregnated oxygen carriers was first investigated using -
Al2O3, -Al2O3 and MgAl2O4 support with different copper contents ranging from 15 to 
33 wt%. Fig. 6 shows the oxygen carrier conversion versus time of impregnated oxygen 
carriers at 1000 ºC and 100 vol% N2. The Cu-based oxygen carrier impregnated on -
Al2O3 showed the lowest conversion during the reduction reaction and a decrease of the 
reactivity as the number of cycles increased. Similar patterns were found for oxidation 
reactions of this impregnated material. This behaviour is related to the formation of a 
copper aluminate in the oxygen carrier, with low reactivity during CuAl2O4 reduction. 
Thus, the formation of the copper aluminate produced a deactivation of the oxygen 
carrier for the CLOU process. Similar results were found for the materials prepared with 
-Al2O3 or with higher copper content, indicating that the copper content did not 
improve the oxygen use in the impregnated samples. 
 
On the contrary, oxygen carrier impregnated on gAl2O4 showed the highest reactivity 
during the reduction reaction and did not present any deactivation with cycles due to the 
minimized interaction of CuO with the MgAl2O4 support. The maximum conversion 
reached with this oxygen carrier was increased to 60%, and the reactivity, as 
2O
r , was 
higher than for -Al2O3 and -Al2O3 (see Table 2). However, the oxygen transport 
capacity is only 0.9%. Higher values are desired for the CLOU process. Here, the 
oxygen transport capacity was defined as ROC = RO·Xmax, Xmax being the maximum 
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conversion reached in TGA experiments. To increase the transport capacity, an oxygen 
carrier with higher CuO content was prepared by increasing the number of 
impregnations (Cu21MgAl_I850). Similar results (regarding oxygen transport capacity) 
were found in this case. Therefore, to have an oxygen carrier with sufficient O2 
transport capacity, a high number of impregnations steps should be carried out. To 
increase the copper content of the materials in a more direct manner, the mechanical 
mixing followed by pelletizing by extrusion method was used for particle preparation. 
 
Fig. 7 shows the reduction and oxidation reactivities of the samples prepared by the 
mechanical mixing followed by extrusion using different supports. Firstly, the oxygen 
carriers were prepared with 80 wt% of copper content and were calcined at 950 ºC, 
except oxygen carrier with Al2O3 as support that were calcined at 1100 ºC. As it can be 
seen, the results with the oxygen carriers prepared with this method depended on the 
support. Those prepared with ZrO2, sepiolite, or SiO2 as support showed high oxygen 
generation rates and both reduction and oxidation reaction rates were stable with cycles. 
Oxygen carriers supported on alumina and TiO2 had lower reaction rates, both for 
reduction and oxidation reactions, and lower conversion values were reached. 
 
For some samples agglomeration problems occurred in the TGA set-up. Oxygen carriers 
supported on Al2O3, ZrO2 and TiO2 with high CuO contents (80 wt%) agglomerated. 
For this reason, oxygen carriers with lower copper contents (60 or 40 wt%) were also 
prepared and tested. Oxygen carrier prepared with TiO2 as support always agglomerated 
even with CuO contents of 40 wt%. However, oxygen carriers with ZrO2 as support and 
60 wt% of CuO did not present any agglomeration in the TGA and showed high 
reduction and oxidation reactivities.  
 
Cu-based oxygen carriers supported on MgAl2O4, ZrO2, SiO2 and sepiolite were 
selected as a result of this preliminary reactivity screening, since they showed high 
reactivity and stability with the redox cycles. However, the mechanical strength of these 
oxygen carriers were too low to be used in a fluidized bed (values above 1N are 
recommended) [36]. As it can be seen in Table 2, low values (< 1N) of this parameter 
were measured for these samples. In order to increase the mechanical strength of the 
oxygen carriers another pelletizing method was used. Samples using MgAl2O4, ZrO2, 
SiO2 and sepiolite as support were prepared by mechanical mixing followed by 
 13
pelletizing by pressure with 60 wt% of copper content. Also MgO as support was used 
with this method. Different graphite contents and calcination temperatures were 
analysed to have oxygen carriers with high reaction rates and also high mechanical 
strength. In general, particles calcined at 950 ºC showed low mechanical strength, 
whereas an increase in sintering temperature to 1300 ºC caused the melting of particles. 
However, particles sintered at 1100 ºC showed adequate mechanical strength to be used 
in a fluidized-bed. Nevertheless particles prepared with SiO2 and sintered at 1100 ºC 
melted, so SiO2 was rejected as inert in this screening. 
 
Fig. 8 shows the reduction reactivities of the samples prepared by the mechanical 
mixing followed by pelletizing by pressure. As can be seen, high reactivity was 
observed with these oxygen carriers. The oxygen generation rates determined with these 
materials are shown in Table 2. These reaction rates showed by these oxygen carriers 
for CLOU are in the same order as the rate of oxygen transference for highly reactive 
oxygen carriers developed for CLC [37-38]. Although the oxygen carrier prepared using 
MgO as support had high reduction and oxidation rates, full conversion was not 
reached, reducing in this way its oxygen transport capacity. This fact can be attributed 
to the deactivation of copper through the formation of Cu2MgO3, which was detected by 
XRD. Moreover, the oxidation reactions showed similar results as for reduction with 
these oxygen carriers. 
 
The effect of reaction temperature on the reduction and oxidation reactivities was 
analyzed in the TGA with these materials. Fig. 9 shows the effect of temperature on the 
reduction and oxidation reaction for Cu60Zr_P1100a oxygen carrier. Similar results 
were found with the other materials. As it can be seen, the reduction temperature hardly 
affected to the reduction reaction rate, reaching full solid conversion in less than 1 
minute for the different temperatures used. It must be pointed out that TGA reduction 
cycles were carried out using 100 % N2 and therefore O2 release was not limited by the 
O2 concentration equilibrium in the gas stream. On the contrary, the higher the 
oxidation temperature, the lower the oxidation reaction rate was. This result was due to 
the effect of the equilibrium oxygen concentration in the reduction reaction of CuO to 
Cu2O, which implies that the oxidation reaction rate is carried out with the driving force 
of the difference between the inlet oxygen concentration (21 vol% in this case) and the 
oxygen concentration at equilibrium at that temperature. As it was shown in Fig. 2, at 
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1000 ºC the oxygen concentration at equilibrium is 12.4 vol%, and the oxygen 
concentration at equilibrium at 900 ºC is only 1.5 vol%. This fact will have important 
consequences on the operating temperatures needed for the combustion and 
regeneration reactions in the CLOU process. 
 
The effect of the oxygen concentration on the oxidation reaction was also analyzed by 
TGA for materials prepared by pelletizing by pressure. Fig. 10 shows the effect of the 
oxygen concentration on the oxidation reaction rate for Cu60Zr_P1100a oxygen carrier 
at 900 ºC. As can be seen, the higher the oxygen concentration, the higher the oxidation 
reaction rate is. This fact is explained as the oxidation reaction is carried out with the 
driving force of the difference between the inlet oxygen concentration and the oxygen 
concentration at equilibrium (1.5 vol%. at 900 ºC). Similar results were found with the 
other materials. 
 
In view of these satisfactory results obtained in TGA with the oxygen carriers prepared 
by mechanical mixing followed by pelletizing by pressure, it was decided to prepare 
some batches of these oxygen carriers, to be used in the batch fluidized-bed reactor. 
Batches of 0.5 kg of the oxygen carriers with MgAl2O4, MgO, ZrO2 and sepiolite as 
support were prepared. 
 
3.2 Oxygen carrier behaviour in batch fluidized bed  
Reduction-oxidation multi-cycles were carried out in a fluidized-bed reactor to 
understand the oxygen release behaviour of the oxygen carrier and the fluidization 
behaviour of the material with respect to agglomeration phenomena and attrition rate. 
 
3.2.1 Reduction and oxidation reactions 
 
Several reduction-oxidation cycles using N2 or CO2 as fluidization media were carried 
out in this facility to determine the oxygen release behaviour as a function of the 
operating conditions. The conversion of the oxygen carrier as a function of time was 
calculated from the oxygen outlet concentration by the equations: 
Reduction   redt
t
,outO
tot
out
red dtPPn
QX
0
2
0
      (13) 
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0 0
· ·oxit in O ,in out O ,out
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tott
Q P Q P
X dt
n P
-
= ò      (14) 
 
X being the conversion of the oxygen carrier, Qin is the molar flow rate of the gas 
incoming to the reactor, Qout is the molar flow rate of the gas leaving the reactor, Ptot is 
the total pressure, PO2,in is the partial pressure of O2 incoming to the reactor, PO2,out is 
the partial pressure of O2 exiting the reactor, n0 are the moles of molecular oxygen 
which can be released from fully oxidized oxygen carrier, and t is the time.  
 
Fig. 11 shows the oxygen concentration measured at the outlet of the reactor and the 
bed temperature measured during a typical reduction and oxidation cycle at 1000 ºC. 
The fluidizing medium was pure nitrogen during reduction and during oxidation the 
inlet oxygen concentration was 21 vol% in nitrogen. At the beginning of the reduction 
period, a rapid oxygen release occurred close to the oxygen concentration equilibrium 
for the measured bed temperature. After 10 minutes, the outlet oxygen concentration fell 
near zero indicating an important decrease in the oxygen release rate. After 20 minutes 
the oxidation started. The oxidation reaction took place at an oxygen concentration near 
the equilibrium oxygen concentration for this temperature. As can also be observed in 
Fig. 11, there are relevant temperature disturbances during the tests that can be 
explained by the heats of reduction and oxidation reactions. The set point temperature, 
1000 ºC, is defined as the fluidized-bed reactor temperature measured at the end of the 
oxidation period prior to the reduction period, when no reaction occurs. A temperature 
drop occurred due to the endothermic release of oxygen in the reduction reaction of 
CuO. Once the main part of the oxygen had been released, an increase in temperature 
occurred due to the gradually slower oxygen reduction reaction. When the oxidation 
began, a quick increase of temperature occurred due to the exothermic oxidation 
reaction. 
 
In the CLOU process a carrier gas composed of recirculated CO2 is most likely used for 
the case of solid fuel combustion, as shown in Fig. 1. However, during oxygen carrier 
testing N2 is commonly used as a carrier gas [21,26]. The effect of fluidization gas was 
analyzed using pure nitrogen and pure CO2 as fluidization medium. Fig. 12 shows the 
evolution of the oxygen concentration with time and the calculated solids conversion 
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during a reduction period with Cu60MgAl_P1100 and using different fluidization gases 
(N2 or CO2) in a typical cycle at 1000 ºC. As it can be seen, similar results were found 
independently of the gas used. Small differences in the profiles could be due to slight 
changes in the reaction temperature, probably due to the different heat capacity of these 
gases. For this reason, pure nitrogen was used as fluidization medium in the batch 
experiments.  
 
The effect of reaction temperature in the batch fluidized bed was analyzed using 900, 
950 and 1000ºC for the test. Fig. 13 shows oxygen concentration profiles and the solid 
conversion during a reduction period using different bed temperatures for two different 
oxygen carriers. The oxygen equilibrium concentration at each temperature is also 
shown. As can be seen in Fig. 13 (a), the oxygen carrier prepared using MgAl2O4 as 
support gave oxygen concentration close to the equilibrium condition at each 
temperature. Thus, at all temperatures the oxygen release rate was limited by 
thermodynamic restrictions. At the lowest temperature, the solid decomposition is 
highly limited due to the low oxygen concentration at equilibrium and at the highest 
temperature (1000 ºC), the solid reached a high conversion value in less than 15 
minutes. These results of the effect of the reduction temperature are very different of 
those found by TGA. As was explained above, in the fluidized bed the O2 concentration 
equilibrium limits the O2 release rate since the gas flow has reached an O2 concentration 
close to the equilibrium one at each temperature, whereas the reaction rate in TGA was 
not limited by the equilibrium concentrations. Fig. 13 (b) shows the solid conversion 
and oxygen concentration profiles during a reduction period with Cu60Zr_P1100a using 
different bed temperatures. In this case, the oxygen concentration measured was much 
lower than the predicted by thermodynamics. These worse results are due to a 
defluidization of the bed, observed by a low pressure drop in the reactor. After 
extracting the solid from the reactor, the presence of agglomerated particles was 
confirmed. 
 
The effect of the oxygen concentration in the oxidation reaction was analyzed using 
21% and 10 vol% of oxygen during oxidation at different temperatures. Fig. 14 shows 
the solid conversion and oxygen profile measured in a typical oxidation period of the 
Cu60MgAl_P1100 oxygen carrier. An important effect of the oxygen concentration was 
found. The oxidation reaction rate was very low when the oxygen concentration in the 
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gas flow was close to the oxygen concentration equilibrium, i.e 9.5 vol% at 975 ºC, and 
thus the solid conversion after 20 minutes was very low. In these conditions, the 
oxidation of the solid was not completed. However, increasing the oxygen concentration 
to 21% and temperature to 1010 ºC (O2 concentration at equilibrium = 14.5 %), the 
regeneration of the oxygen carrier is almost completed in 25 min. Note that from TGA 
experiments, conversion of 90 % was reached in less than 1 minute (see Fig. 8) with air. 
Thus, although the oxygen carrier showed very high reactivity for the redox reactions, 
the higher time needed for complete conversion in batch fluidized-bed reactor 
experiments was due to the limitation in the oxygen flow supplied to the reactor. The 
equilibrium concentration was also reached during the oxidation period. These results 
confirmed those pointed out in the TGA analysis about the important dependency of the 
operating temperatures in the reduction and oxidation reactors for the successful 
development of the process. 
 
3.2.2 Attrition and agglomeration behaviour of oxygen carrier particles 
 
The multi-cycle tests carried out in the fluidized bed were also useful to determine the 
fluidization behaviour of the different oxygen carriers with respect to the attrition and 
agglomeration phenomena.  
 
An important parameter for the selection of a suitable oxygen carrier material for the 
CLOU process is the agglomeration behaviour during fluidization. Different behaviour 
of the oxygen carriers with respect to these phenomena was found to depend on the 
CuO content and support used. Oxygen carriers prepared with MgO and sepiolite as 
inert resulted in formation of hard agglomerates and thus were rejected. Agglomeration 
took place during reduction to Cu2O and made difficult the oxidation of the oxygen 
carrier. The test must be stopped due to the sticking of the particles causing 
defluidization and it was detected by an abrupt decrease of the bed pressure drop in the 
reactor. Oxygen carrier prepared with 60 wt% CuO and ZrO2 as inert presented 
moderate agglomeration behaviour, causing low oxygen release rate (see Fig. 13 (b)). 
However, an oxygen carrier with 40 wt% CuO and ZrO2 as inert did not present 
agglomeration phenomena at any conditions. Similarity, carriers prepared using 
MgAl2O4 as support with 60 wt% of CuO did not present any agglomeration problem at 
any temperature. 
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Another important parameter for the selection of a suitable oxygen carrier material for 
the CLOU process is the attrition behaviour during fluidization. The attrition rate of the 
oxygen carrier was evaluated as the weight of particles elutriated from the bed 
recovered in the filters with a dp < 40 µm during a measured time, corresponding to 
several reduction-oxidation cycles. Fig. 15 shows the attrition rates for the different 
oxygen carriers as a function of time. As it can be seen, the attrition rate in the case of 
Cu40Zr_1100 was very low and stable during more than 20 h. A value of 0.045 %/h, 
which corresponds to a particle lifetime of 2220 hours, was measured. The attrition rate 
for Cu60MgAl_P1100 was high and unstable after 25 hours of operation. In order to 
decrease the attrition rate of this material, two different oxygen carriers were prepared 
with higher mechanical strength. Firstly, particles with lower porosity were prepared by 
decreasing the graphite content (Cu60MgAl_P1100a). As can be seen, the oxygen 
carrier presented similar behaviour to previous oxygen carrier (Cu60MgAl_P1100). 
Further, the mechanical strength of particles was increased by increasing the sintering 
time to 12 hours (Cu60MgAl_P1100b). The attrition rate of this material was now 
stable during more than 40 h, although with a relatively high value (0.2 %/h), which 
corresponds to a particle lifetime of 500 hours. 
 
3.3. Characterization of CLOU materials 
 
A physical and chemical characterization was carried out, both for fresh and used 
particles in the batch fluidized bed. In addition, the CuO content of fine particles 
elutriated from the fluidized-bed reactor was determined by reduction with 15 vol% H2 
at 800 ºC in TGA. Table 3 shows the characterization results of the different oxygen 
carriers. All samples had low initial porosity and surface area due to the preparation 
method used. The surface area was lower than 0.5 m2/g in all cases. However, the 
reactivity of these samples was high.  
 
The crystallite phases found by XRD analysis of the oxygen carriers prepared using 
MgAl2O4 and ZrO2 as supports were mainly CuO and the corresponding support. New 
compounds were not detected in any of the samples after being used, even for the 
monoclinic phase of the ZrO2. Thus, interaction of the CuO with the corresponding 
support was neither found, indicating the stability of the material. In addition, the 
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chemical stability was analyzed by comparing reactivity of fresh and used particles. The 
oxygen release rate (
2O
r ) determinated from TGA experiments was not affected by the 
cycle number. 
 
The mechanical strength of the used samples was, in the majority cases, similar to the 
fresh ones, excepting for Cu60MgAl_P1100 particles. These particles have an initial 
low value for mechanical strength, which correspond to high attrition values, but it was 
further decreased after 30 h of operation. Changes both in porosity and mechanical 
strength were low for particles prepared with ZrO2. However, for particles prepared 
with MgAl2O4 as inert material an important increase of particle porosity after cycles 
was found. The surface area remained low in all cases. 
 
For the material Cu60MgAl_P1100 with an initial low mechanical strength, the attrited 
fines contained mainly MgAl2O4 during the initial 10 h. Only during the last period, 
oxygen carrier started losing CuO. For other materials, the compositions of attrited fines 
were similar to the composition of fresh particles. 
 
Fig. 16 shows an example of the SEM-EDX analysis carried out with the different 
samples. SEM image of the particles show an irregular shape due to the milling process 
required in the preparation method (see Fig. 16 (a) and (d)). The general appearance of 
the used particles using ZrO2 as inert was similar to the fresh particles (see Fig. 16 (e)). 
No important changes in the surface texture were detected and the solid structure was 
maintained. On the contrary, the increase in the porosity of oxygen carriers prepared 
with MgAl2O4 as support can be clearly seen in the SEM image of cross section of a 
particle (see Fig. 16 (b)). The copper distribution inside the particles was also analyzed 
by EDX in some cut and polished particles. It was found in fresh particles for both 
oxygen carriers a uniform distribution of copper exited through the particles. Moreover 
there was not evidence of redistribution or migration during the redox cycles for both 
materials. 
 
These results indicated that oxygen carriers prepared with a 40 wt% of CuO and ZrO2 as 
support and 60 wt% of CuO and MgAl2O4 as support had satisfactory results both 
regarding reactivity, attrition and agglomeration behaviour during repeteated redox 
cycles, properties required for the CLOU process. 
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4. Conclusions 
 
The potential of different Cu-based oxygen carriers for the Chemical-Looping with 
Oxygen Uncoupling (CLOU) process was determined through thermogravimetric 
analysis and batch fluidized bed testing. Materials prepared using three different 
methods (incipient wet impregnation, mechanical mixing following by extrusion and 
mechanical mixing following by pelletizing by pressure), supports (Al2O3, -Al2O3, 
MgAl2O4, sepiolite, SiO2, TiO2, MgO and ZrO2) and different CuO fractions from 15 to 
80 wt% were characterized.  
Oxygen carriers prepared by impregnation on Al2O3 were rejected due to their low 
reactivity which decreased with the cycles. 
Particles prepared by mechanical mixing following by pelletizing using Al2O3, 
MgAl2O4, MgO, SiO2, sepiolite and ZrO2 with 80 wt% CuO showed high reactivity but 
low mechanical strength if extrusion was used. However mechanical strength increased 
when pelletizing by pressure was used.  
Highly resistant particles were obtained by mechanical mixing followed by pelletizing 
by pressure using MgAl2O4, ZrO2, sepiolite and MgO. Oxygen carriers prepared with 60 
wt% CuO content and these supports showed high reaction rates both for oxygen release 
and oxidation reactions.  
 
Agglomeration and attrition behaviour of the oxygen carriers prepared by pelletizing 
depended on the support used. Materials prepared with MgAl2O4 as inert and 60 wt% of 
CuO and 40 wt% CuO and ZrO2 as inert did not present any agglomeration problem at 
any temperature. Oxygen carriers prepared with MgO and sepiolite as inerts were 
rejected due to agglomeration problems. The attrition rate measured for the oxygen 
carrier prepared using ZrO2 as support was very low and stable (0.045 %/h). The 
oxygen carrier prepared using MgAl2O4 as inert had a stable attrition rate (0.2 %/h), 
during more than 40 h of redox cycling. 
 
Experiments in batch fluidized bed show that the oxygen release rate is nearly constant 
at each temperature and it was limited because oxygen concentration reached the 
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thermodynamic equilibrium. A negligible effect of the fluidization gas (CO2 or N2) was 
found during oxygen carrier decomposition. Moreover, an important effect of the 
oxygen concentration in the gas flow was found in the oxidation reaction. 
 
The results indicated that oxygen carriers prepared with a 40 wt% of CuO and ZrO2 as 
support and 60 wt% of CuO with MgAl2O4 have satisfactory results both regarding 
reactivity and fluidization behaviour, properties required for the CLOU process. 
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Table 1. Oxygen carriers in the literature for CLOU process  
MeO (wt%) Other Metal 
 (wt%) 
Support material Preparation 
methoda 
Faclityb Reference 
Mn3O4 (80)  SiO2 FG bFB [21] 
Mn3O4 (80-20) Fe2O3 (20-800)  FG and SD bFB, CLC [21-23]  
Mn3O4 (80) NiO (20)  FG bFB [21]  
Mn-ore    bFB [23] 
CaMn0.875Ti0.125O3    SD+FG TGA, bFB, CLC [24,25] 
CuO (60)  Al2O3 FG bFB [19] 
CuO (40)  ZrO2 FG bFB [26] 
CuO (n.a.)  SiO2 n.a- TGA, bFB [20] 
aKey for preparation method: 
FG = Freeze granulation 
SD = Spray drying 
n.a. = non available 
 
bKey for facility: 
CLC = continuously operated CLC system 
bFB = batch fluidized bed 
TGA = thermogravimetric analyzer 
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Table 2. Physical properties and reactivity (
2O
r at 1000 ºC in N2) of the oxygen carriers 
prepared by different methods. 
Oxygen carrier Support Density of 
Particle 
(kg/m3) 
Crushing 
strength 
(N) 
RO 
(%) 
( )
2
310xOr  
2
·
kgO
s kgOC
æ ö÷ç ÷ç ÷ç ÷è ø
 
Incipient wet impregnation 
Cu15γ-Al_I850 γ-Al2O3 1600 2.5±0.5 1.5 0.64 
Cu33γ-Al_I850 γ-Al2O3 1900 3.0±0.4 3.3 1.03 
Cu15α-Al_I850 α-Al2O3 2200 4.6±0.5 1.5 0.52 
Cu15MgAl_I850 MgAl2O4 1900 2.1±0.3 1.5 1.32 
Cu21MgAl_I850 MgAl2O4 2000 0.8±0.2 2.1 1.25 
Mechanical mixing following by pelletizing by extrusion 
Cu60Al_E1100 Al2O3 3000 <0.5 6 1.67 
Cu80Al_E1100 Al2O3 3900 2.6±0.5 8 0.99 
Cu80Se_E950 Sepiolite 2300 0.8±0.3 8 1.76 
Cu60Si_E950 SiO2 2000 1.1±0.2 6 1.43 
Cu80Si_E950 SiO2 2900 0.9±0.2 8 1.75 
Cu40Ti_E950 TiO2 3400 2.3±0.4 4 1.19 
Cu60Ti_E950 TiO2 4000 2.2±0.2 6 --- 
Cu80Ti_E950 TiO2 5200 2.2±0.4 8 0.64 
Cu60Zr_E950 ZrO2 3000 <0.5 6 1.10 
Cu80Zr_E950 ZrO2 3800 0.7±0.2 8 1.64 
Mechanical mixing following by pelletizing by pressure 
Cu60MgAl_P950 MgAl2O4 3900 <0.5 6 --- 
Cu60MgAl_P1100 MgAl2O4 3800 1.2±0.3 6 1.47 
Cu60MgAl_P1300 MgAl2O4 --- Melt 6 --- 
Cu60MgAl_P1100a MgAl2O4 3700 1.7±0.3 6 1.50 
Cu60MgAl_P1100b MgAl2O4 3700 2.2±0.3 6 1.57 
Cu60Zr_P950a ZrO2 5400 <0.5 6 --- 
Cu40Zr_P1100a ZrO2 4900 4.0±0.4 4 1.01 
Cu60Zr_P1100a ZrO2 5400 3.0±0.5 6 1.40 
Cu60Mg_P1100a MgO 4100 2.2±0.4 6 0.89 
Cu60Se_P1100 Sepiolite 3900 2.2±0.5 6 1.45 
Cu60Si_P950 SiO2 2000 <0.5 6 --- 
Cu60Si_P950 SiO2 --- Melt 6 --- 
Example of nomenclature of the oxygen carriers: Cu60MgAl_P950: Cu60, 60 wt.% CuO; MgAl, inert 
binder (Al: Al2O3; Se: Sepiolite; Si: SiO2; Ti: TiO2; Zr: ZrO2; MgAl: MgAl2O4; Mg: MgO); P, pelletizing 
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by pressure (I: Incipient wet impregnation, E: pelletizing by extrusion, ); 950, sintering temperature (ºC); 
a = 0.5 wt.% graphite, b = 0.5 wt.% graphite + 12h sintering time. 
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Table 3. Characterization of the fresh and after-used oxygen carrier particles. 
Oxygen carrier 
Time being 
fluidized (h) 
Porosity (%) 
Mechanical 
Strength (N) 
Crystallite phases 
Fresh Used Fresh Used Fresh Used 
Cu60MgAl_P1100 28 13.0 26.4 1.2±0.3 0.6±0.3 CuO, MgAl2O4 CuO, MgAl2O4 
Cu60MgAl_P1100a 25 11.2 22.5 1.7±0.3 1.6±0.4 CuO, MgAl2O4 CuO, MgAl2O4 
Cu60MgAl_P1100b 42 10.5 30.0 2.2±0.3 2.0±0.4 CuO, MgAl2O4 CuO, MgAl2O4 
Cu60Zr_P1100 10 7.9 9.1 3.0±0.5 2.6±0.5 CuO, ZrO2 (M) CuO, ZrO2 (M) 
Cu40Zr_P1100 15 9.0 12.1 4.0±0.4 4.2±0.4 CuO, ZrO2 (M) CuO, ZrO2 (M) 
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Captions of figures 
 
Fig. 1. Schematic diagram of the CLOU process. 
 
Fig 2. Equilibrium oxygen concentrations over the CuO/Cu2O and the CuAl2O4/CuAlO2 
systems as a function of temperature. 
 
Fig. 3. Effect of mass load in TGA experiments (25 LN/h) on the reaction rate during the 
reduction and oxidation period with Cu60MgAl_P1100b oxygen-carrier. T = 1000 ºC. 
Reduction: 100 vol. % N2. Oxidation: air. 
 
Fig.4. Effect of inlet gas flow in TGA experiments (50 mg) on the reaction rate during 
the reduction and oxidation period with Cu60MgAl_P1100b oxygen-carrier. T = 1000 
ºC. Reduction: 100 vol. % N2. Oxidation: air. 
 
Fig. 5. Experimental setup used for multi-cycle tests in a batch fluidized bed reactor. 
 
Fig. 6. Conversion vs. time curves from TGA tests of different oxygen carriers prepared 
by impregnation on different supports. T=1000 ºC. Reduction: 100 vol. % N2. 
Oxidation: air. 
 
Fig. 7. Conversion vs. time curves for the third redox cycle from TGA tests of different 
oxygen carriers prepared by mechanical mixing following by extrusion with different 
supports. T=1000ºC. Reduction: 100 vol. % N2. Oxidation: air. 
 
Fig. 8 Conversion vs. time curves for the third redox cycle from TGA tests of different 
oxygen carrier prepared by mechanical mixing following by pelletizing by pressure. 
T=1000ºC. Reduction: 100 vol. % N2. Oxidation: air. 
 
Fig. 9. Conversion vs. time curves for the third redox cycle at different reacting 
temperatures for Cu60Zr_P1100a. Reduction: 100 vol. % N2. Oxidation: air. 
 
Fig. 10. Conversion vs. time curves for the third cycle at different reacting oxygen 
concentrations for Cu60Zr_P1100a. T=900 ºC. 
 
Fig. 11. Evolution with time of oxygen concentration and bed temperature during a 
typical reduction and oxidation cycle with Cu60MgAl_P1100. T=1000 ºC. Reduction: 
100 vol. % N2. Oxidation: air. 
 
Fig. 12. Evolution of oxygen concentration with time and calculated solids conversions 
during a reduction period with Cu60MgAl_P1100 using different fluidization gases. 
T=1000 ºC.  
 
Fig. 13. Oxygen concentration and solid conversion profiles during a reduction period 
using different bed temperatures. (a) Cu60MgAl_P1000; (b) Cu60Zr_P1000a. (···) 
oxygen equilibrium concentration at each temperature.  
 
Fig. 14. Evolution of oxygen concentration with time and calculated solids conversions 
during an oxidation period with Cu60MgAl_P1100 using different oxygen 
concentrations. [O2]=10% at T=975 ºC, [O2]=21% at T=1010 ºC. 
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Fig. 15. Attrition rate of selected Cu-based oxygen carriers during multi-cycle operation 
in the fluidized bed. Temperature was varied in the range 900-1000 ºC. 
 
Fig. 16. SEM images and EDX analysis of Cu60MgAl_P1100b(a, b, c) and 
Cu40Zr_P1100 (d, e, f) particles both fresh (left) and after used (right). General view of 
the particles (a, d) and image of a cross section of a particle(b, e). EDX line profiles of 
Cu, Al, Mg and Zr (c, f) in a cross section of a particle. 
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Fig. 1. Schematic diagram of the CLOU process. 
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Fig 2. Equilibrium oxygen concentrations over the CuO/Cu2O and the CuAl2O4/CuAlO2 
systems as a function of temperature. 
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Fig. 3. Effect of mass load in TGA experiments (25 LN/h) on the reaction rate during the 
reduction and oxidation period with Cu60MgAl_P1100b oxygen-carrier. T = 1000 ºC. 
Reduction: 100 vol. % N2. Oxidation: air. 
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Fig.4. Effect of inlet gas flow in TGA experiments (50 mg) on the reaction rate during 
the reduction and oxidation period with Cu60MgAl_P1100b oxygen-carrier. T = 1000 
ºC. Reduction: 100 vol. % N2. Oxidation: air. 
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Fig. 5. Experimental setup used for multi-cycle tests in a batch fluidized bed reactor. 
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Fig. 6. Conversion vs. time curves from TGA tests of different oxygen carriers prepared 
by impregnation on different supports. T=1000ºC. Reduction: 100 vol. % N2. Oxidation: 
air. 
 38
  
Time (min)
0 1 2 3 4 5
S
ol
id
 C
on
ve
rs
io
n
0.0
0.2
0.4
0.6
0.8
1.0
Cu80Si_E950 
Cu80Zr_E950
Cu80Se_E950
Cu80Al_E1100 
Cu80Ti_E950
Reduction
Time(min)
0 1 2 3 4 5
S
ol
id
 C
on
ve
rs
io
n
0.0
0.2
0.4
0.6
0.8
1.0
Cu80Si_E950
Cu80Zr_E950
Cu80Se_E950
Cu80Al_E1100
Cu80Ti_E950
Oxidation
Fig. 7. Conversion vs. time curves for the third redox cycle from TGA tests of different 
oxygen carriers prepared by mechanical mixing following by extrusion with different 
supports. T=1000ºC. Reduction: 100 vol. % N2. Oxidation: air. 
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Fig. 8 Conversion vs. time curves for the third redox cycle from TGA tests of different 
oxygen carrier prepared by mechanical mixing following by pelletizing by pressure. 
T=1000ºC. Reduction: 100 vol. % N2. Oxidation: air. 
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Fig. 9. Conversion vs. time curves for the third redox cycle at different reacting 
temperatures for Cu60Zr_P1100a. Reduction: 100 vol. % N2. Oxidation: air. 
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Fig. 10. Conversion vs. time curves for the third cycle at different reacting oxygen 
concentrations for Cu60Zr_P1100a. T=900 ºC. 
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Fig. 11. Evolution with time of oxygen concentration and bed temperature during a 
typical reduction and oxidation cycle with Cu60MgAl_P1100. T=1000ºC. Reduction: 
100 vol. % N2. Oxidation: air. 
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Fig. 12. Evolution of oxygen concentration with time and calculated solids conversions 
during a reduction period with Cu60MgAl_P1100 using different fluidization gases. 
T=1000ºC.  
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Fig. 13. Oxygen concentration and solid conversion profiles during a reduction period 
using different bed temperatures. (a) Cu60MgAl_P1000; (b) Cu60Zr_P1000a. (···) 
oxygen equilibrium concentration at each temperature.  
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Fig. 14. Evolution of oxygen concentration with time and calculated solids conversions 
during an oxidation period with Cu60MgAl_P1100 using different oxygen 
concentrations. [O2]=10% at T=975ºC, [O2]=21% at T=1010 ºC. 
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Fig. 15. Attrition rate of selected Cu-based oxygen carriers during multi-cycle operation 
in the fluidized bed. Temperature was varied in the range 900-1000 ºC. 
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Fig. 16. SEM images and EDX analysis of Cu60MgAl_P1100b(a, b, c) and 
Cu40Zr_P1100 (d, e, f) particles both fresh (left) and after used (right). General view of 
the particles (a, d) and image of a cross section of a particle (b, e). EDX line profiles of 
Cu, Al, Mg and Zr (c, f) in a cross section of a particle. 
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